Abstract Accurate quantiWcation by real-time RT-PCR relies on normalisation of the measured gene expression data. Normalisation with multiple reference genes is becoming the standard, but the best reference genes for gene expression studies within one organism may depend on the applied treatments or the organs and tissues studied. Ideally, reference genes should be evaluated in all experimental systems. A number of candidate reference genes for Arabidopsis have been proposed, which can be used as a starting point to evaluate their expression stability in individual experimental systems by available computer algorithms like geNorm and NormFinder. Using this approach, we identiWed the best three reference genes from a set of ten candidates, which included three traditional "housekeeping" genes, for normalisation of gene expression when roots and leaves of Arabidopsis thaliana are exposed to cadmium (Cd) and copper (Cu). The expression stabilities of AT5G15710 (F-box protein), AT2G28390 (SAND family protein) and AT5G08290 (mitosis protein YLS8) were the highest when considering the eVect to the roots and shoots of Cd and Cu treatments. Even though the eVect of Cd and excess Cu on the plants is very diVerent, the same best reference genes were identiWed when considering Cd or Cu treatments separately. This suggests that these three genes may also be suitable when studying the gene expression after exposure of Arabidopsis thaliana to increased concentrations of other metals.
Introduction
Plants need essential micro-elements to grow. Some of these are metals that can become phytotoxic at higher concentrations, e.g. copper (Cu). Other metals are non-essential trace elements that are toxic to plants at certain exposure levels, e.g. cadmium (Cd). Metal toxicity can cause a disruption of physiological processes, such as photosynthesis and transpiration, which can lead to chlorosis, necrosis and reduced growth (Baryla et al. 2001; Pandey and Sharma 2002; Prasad and Zeeshan 2005 ). An underlying eVect of increased exposure to metals is oxidative stress (Cuypers et al. 2000 (Cuypers et al. , 2002 Ortega-Villasante et al. 2005; Smeets et al. 2005; Rodriguez-Serrano et al. 2006) , which occurs when the balance between oxidants, such as reactive oxygen species (ROS), and antioxidants (which include certain enzymes and metabolites) is shifted towards the oxidants. Elevated levels of ROS can cause cellular damage, but are also important in stress signalling (Mittler et al. 2004) . Multiple authors have demonstrated responses at the biochemical-physiological level and on signal transduction pathways induced by exposure to relatively high (acute) metal concentrations in plants (Jonak et al. 2004; Maksymiec and Krupa 2006; Yeh et al. 2007) , whereas in our studies, we expose Arabidopsis thaliana to lower sub-lethal concentrations of Cu or Cd. At these low exposures to metals, no visible changes to the plant can be detected, but a number of changes take place at the cellular level.
For measuring immediate molecular responses, a reliable quantiWcation of gene expression is important and of major importance herein is the normalisation of the measured expression levels for the genes of interest. This is necessary to correct for variability that can arise and accumulate at several steps and is related to the quality of the RNA samples, the RNA input in the reverse transcription reaction, the enzymatic eYciencies in the reverse transcription reaction and diVerences between tissues, cells and treatments in overall transcriptional activity. For whole plant samples, normalisation against the number of cells is not possible and we also like to avoid normalisation against the total RNA mass included in the reverse transcription reaction, because total RNA is not representative of the mRNA fraction (Vandesompele et al. 2002) . Mostly, normalisation of gene expression is achieved by measuring endogenous control genes. Expression of these genes should not vary in the tissues investigated or in the function of the treatment, something which ideally should be veriWed in every single experimental set-up.
Reference genes that have been used until now are "housekeeping genes", which are involved in basic cellular processes, and they were supposed to have a uniform level of expression across diVerent treatments, organs and developmental stages. Previous reports in which gene expression is measured either quantitatively or semi-quantitatively in response to heavy metal stress mostly make use of EF-1 (At5g60390) or ACT2 (At5g09810) genes (Bovet et al. 2003; Becher et al. 2004; Cagnac et al. 2004; Herbette et al. 2006; Talke et al. 2006; Weber et al. 2006; Sunkar et al. 2006) . However, the expression of traditional "housekeeping genes" is not always stable (Thellin et al. 1999; Czechowski et al. 2005) . Furthermore, normalisation to a single endogenous gene can lead to erroneous normalisation (Vandesompele et al. 2002) .
Many publications exist in animal and human research that describe the identiWcation of multiple reference genes for normalisation of real-time RT-PCR data, but similar reports are extremely rare in plant research. Traditional "housekeeping genes" were evaluated: for studies of sea grass subjected to heat stress (Ransbotyn and Reusch 2006) ; for rice plants under hormone, salt and drought treatment and in diVerent developmental stages (Jain et al. 2006) ; for potato under diVerent biotic and abiotic stresses (Nicot et al. 2005) ; and for poplar in diVerent tissues (Brunner et al. 2004) . Czechowski et al. (2005) moved away from the typical "housekeeping" genes and identiWed a new set of Arabidopsis thaliana genes, some of which with unknown function, from experiments using AVymetrix ATH1 probe sets related to development, abiotic stress, biotic stress, hormones, nutrient stress and light treatments. The expression stability of 20 novel reference genes derived from that analysis and of 5 traditional housekeeping genes was veriWed by real-time RT-PCR on cDNA samples from ecotype Columbia-0 grown under various conditions and stress treatments and from diVerent organs. The abiotic stress treatments in particular included salt (NaCl), drought (mannitol), nutrient deprivation (sulphur, carbohydrate, phosphorus) and cold treatment. Since exposure to increased concentrations of metals was not included in that study, we selected the 10 best reference genes together with some traditional housekeeping genes and evaluated their expression stability in our experimental system using the available algorithms geNorm (Vandesompele et al. 2002) and NormFinder (Andersen et al. 2004) . These algorithms evaluate the relative expression stability of multiple candidate reference genes and have been developed to address the circular problem that for the evaluation of the expression stability of a candidate reference gene another one is needed for its normalisation. We propose that validation of selected candidate reference genes from Czechowski et al. (2005) using such an algorithm is straightforward and should be the basis of any gene expression study in Arabidopsis thaliana. Here, using this approach, we identiWed the best reference genes after exposure of Arabidopsis thaliana to Cd and Cu, and the results suggest that these genes may also be suitable candidates when studying exposure to other metals.
Materials and methods

Plant culture and harvest
Arabidopsis thaliana wild-type plants of the ecotype Columbia (Col-0; Lehle seeds, Round Rock, TX, USA) were grown in hydroponic culture (Smeets et al. 2007 ) under a 12 h/22°C day and 12 h/18°C night regime and a photosynthetic photon Xux density of 150 mol m ¡2 s
¡1
at the leaf level. Three-week-old plants were exposed 1 h into the photoperiod to relatively low (2 M) or high (10 M) concentration of CdSO 4 , or to relatively low (0.5 M) or high (2 M) concentration of CuSO 4, whereas some plants were left untreated (control plants). For each treatment, four root samples and four leaf samples of 50-100 mg, each containing tissue originating from three to eight plants, were taken 24 h after the start of treatment and snap frozen in liquid nitrogen before storage at ¡70°C.
RNA isolation, quality control and cDNA synthesis Frozen tissues in 2 ml micocentrifuge tubes were disrupted under frozen conditions using two stainless steel beads (2 mm diameter) in each sample and the Retsch Mixer Mill MM2000. RNA was extracted from the disrupted tissue using the RNeasy Plant Mini Kit (Qiagen). After measuring the RNA concentration on the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies), all RNA samples were adjusted to the same concentration, measured and adjusted again to homogenize RNA input in the subsequent cDNA synthesis reaction. RNA quality was assessed using the Agilent-2100 Bioanalyzer and RNA 6000 NanoChips (Agilent Technologies). A weight of 1 g was used in a 20 l Quantitect Reverse Transcription reaction (Qiagen), which includes a genomic DNA elimination step and makes use of random hexamer priming. A tenfold dilution of the cDNA was made using 1/10 diluted TE buVer (1 mM TrisHCl, 0.1 mM EDTA, pH 8.0) and stored at ¡20°C.
Real-time PCR and data analysis
Primers sequences for the reference genes were taken from Czechowski et al. (2005) and are listed in Table 1 . Realtime PCR was performed in an optical 96-well plate with an ABI PRISM 7000 sequence detection system (Applied Biosystems) and universal cycling conditions (10 min 95°C, 40 cycles of 15 s at 95°C and 60 s at 60°C) followed by the generation of a dissociation curve to check for speciWcity of ampliWcation. Reactions contained SYBR Green Master Mix (Applied Biosystems), 300 nM of a gene-speciWc forward and reverse primer, and 2.5 l of the diluted cDNA in each 25 l reaction. "No template controls" contained 2.5 l RNase free water instead. Primer eYciencies and standard deviations were calculated using qBase software v1.3.5 (Hellemans et al. 2007 ) on a standard curve generated using a fourfold dilution series of one sample over at least Wve dilution points that were measured in triplicate.
Expression levels for each sample were calculated on two technical replicates via the standard curve (which takes into account primer eYciency) and expressed relative to the sample with the highest expression before geNorm v3.4 (Vandesompele et al. 2002) or NormFinder (Andersen et al. 2004) input.
Results
The ten most stably expressed genes for Arabidopsis thaliana ecotype Col-0 as identiWed by Czechowski et al. (2005) and three traditional housekeeping genes, EF-1a, ACT2 and UBQ10, were chosen for evaluation of expression stability during metal treatment. These candidate reference genes were ampliWed in cDNA samples from roots and leaves, issued from four diVerent exposures to increased metal concentrations (2 M Cd, 10 M Cd, 0.5 M Cu and 2 M Cu), and from one control treatment (not exposed to increased metal concentrations). These exposure concentrations were chosen because we found that they lead to eVects on the molecular level, but still allow adaptation of the plants without any major apoptotic or necrotic eVects. The concentrations of Cu that were applied are lower compared to Cd, because the toxicity of this metal at similar concentrations is higher, most likely due to its redox-active properties (Fargasova 2001) . Melting curve analysis of the ampliWcation products conWrmed that the primers ampliWed a single product (results not shown). A fourfold dilution series of one of the samples was used to prepare a standard curve from which primer eYciency was calculated using the formula E = 10 ¡1/SLOPE (Table 2 ). The primer pairs for AT2G32170, AT4G33380 and AT5G46630 resulted in an ineYcient ampliWcation and were therefore eliminated from further analyses. Average Ct values for the ten remaining candidate reference genes were in the range from 15 to 31 and the three traditional housekeeping genes EF1-a, ACT2 and UBQ10 were the most highly expressed, together with AT5G08290 (Table 2) .
To be able to evaluate the eVect of Cu and Cd treatment on gene expression in roots and leaves of Arabidopsis thaliana, we should normalise all samples that are to be compared by the same reference genes. We therefore used the relative expression values for each cDNA sample as input for the geNorm algorithm, from which a measure M is calculated for each reference gene. This measure M reXects the expression stability of the gene compared to the other reference genes; a lower M-value means more stable gene expression and is the basis for the ranking of the genes in order of their expression stability. When considering all treatments and organs, AT5G15710 and AT2G28390 are the best reference genes, followed by AT5G08290 (Fig. 1a) .
The next question is how many reference genes should be included for normalisation of gene expression. The geNorm algorithm also determines the pairwise variation Vn/n + 1, which measures the eVect of adding further reference genes on the normalisation factor (that is calculated as the geometric mean of the expression values of the selected reference genes). It is advisable to add additional reference genes to the normalisation factor until the added gene has no signiWcant eVect (low V value). Vandesompele et al. (2002) used 0.15 as a cut-oV value, below which the inclusion of an additional reference gene is not required, but this is not an absolute rule and depends on the data. The V graph (Fig. 1d) shows that two reference genes are suYcient for normalisation, as V2/3 < 0.15 and that inclusion of additional reference genes does not considerably decrease the Vn/n + 1 values. However, Vandesompele et al. (2002) recommend the minimal use of three reference genes. Addition of a fourth reference gene (EF-1a) increases the pairwise variation, and we therefore considered three reference genes to be optimal for our experiments. The NormFinder algorithm also identiWes the same three best reference genes as geNorm, although the ranking is slightly diVerent (Supplemental Table 1a ).
To evaluate the separate impact of the two metals on the ranking of the reference genes, we changed the geNorm input to consider only the Cd treatments (samples from Cdtreated plants inclusive of the control samples), or the Cu treatments (samples from Cu-treated plants inclusive of the control samples). Interestingly, the three best reference genes are the same ones for both the Cd and Cu treatments (Fig. 1b, c) . The ranking of these three genes for Cd (Fig. 1b) again shows that two reference genes are suYcient, but the inclusion of a third reference gene is advisable. Also, apparent is that over the whole curve, the M values of the reference genes are higher in Cu treatments than in Cd treatments (compare Fig. 1b and c) , which indicates that expression of these genes is a little less stable under Cu exposure. The NormFinder algorithm identiWed for the Cd treatments the same best three reference genes in the same order as the geNorm algorithm (Supplemental Table 1a ). For the Cu treatments, the best two reference genes were the same, but from then on there is a diVerence in ranking (Supplemental Table 1a ).
The traditional housekeeping genes included in this experiment (ACT2, EF-1a, UBQ10) are according to geNorm ranked immediately behind the three best reference genes (except for UBQ10 during Cu treatments), and the ranking of the other genes too is very similar for the diVerent treatments (Fig. 1a-c) . In both geNorm and NormFinder, AT4G34270 was ranked as the worst candidate reference gene of the ten (Fig. 1a-c ; Supplemental Table 1a) . Supplemental Fig. 1 shows the expression stability and pairwise variation graphs of other data groups, for example, looking at leaves and roots separately. AT5G15710, AT2G28390 and AT5G08290 are still the best reference genes in most of these groups, except when evaluating the separate data sets related to the eVect of Cu exposure in the leaves and Cd exposure in the roots.
In our geNorm input, we kept the biological replicates separated. However, in some previous publications that identiWed reference genes for plant research, biological replicates were grouped post-ampliWcation by using relative expression data derived from an average Ct value for the biological replicates as input for geNorm (Jain et al. 2006) or pre-ampliWcation by using cDNA pools as real-time PCR input (Czechowski et al. 2005) . We entered data for each individual sample because this also takes into account any variation in expression between biological replicates that is not due to the treatments. Separate input of biological replicates is also needed for the calculation of a normalisation factor for each individual cDNA sample. We evaluated the impact of alternative geNorm input on the ranking of the reference genes by entering average values for each treatment/organ group into geNorm or NormFinder. The result is a change in the ranking of the genes, and the eVect is especially apparent for AT4G34270, which shows a more stable expression according to both the geNorm (Supplemental Fig. 2 ) and NormFinder (Supplemental Table 1b) algorithms. According to geNorm it is even the best reference gene when looking at leaf samples of the Cd treatment data group (Supplemental Fig. 2 ). We suspect that this apparently increased expression stability of AT4G34270 is due to the elimination of variation in expression between the biological replicates of a treatment/organ group when these were averaged for the alternative input.
Discussion
Real-time PCR is being more and more applied as a method for gene expression analysis. Reliable quantiWcation of gene expression relies on trustworthy normalisation of realtime PCR data. The best normalisation is obtained using internal reference genes because it takes into account variation introduced by RNA sample quality, RNA input quantity and enzymatic eYciency in reverse transcription. Still, on the technical side, we believe it is important to homogenize these input parameters by accurately measuring RNA concentrations and assessing RNA sample quality. RNA sample concentrations were measured twice on the Nanodrop spectrophotometer, and the samples were adjusted to the same concentration between each measurement. As a result, we can enter similar volumes of accurately quantiWed RNA in each reverse transcription reaction, thereby homogenizing RNA input quantity. Furthermore, testing the RNA samples using the Bioanalyzer ensures RNA quality, which has an inXuence on reverse transcription eYciency. When using SYBR green for real-time PCR quantiWcation, genes of interest and internal control genes are measured in separate wells and usually even in separate plates. Therefore, accurate pipetting while entering the cDNA during real-time PCR reaction set-up is extremely important, as diVerences in cDNA input between genes of interest and reference genes will cause an erroneous normalisation by the reference gene. The ideal reference genes have a constant level of expression that is not diVerent in the organs or tissues studied, and that is not inXuenced by the applied treatments. Since a certain variation always exists for any reference gene, normalisation of gene expression with a single reference gene can bias the results. Normalisation with multiple reference genes is becoming the standard, but reports that identify such genes in plant research are limited, even though algorithms are available to test the expression stability of candidates (Andersen et al. 2004; PfaZ et al. 2004; Vandesompele et al. 2002) and a number of candidate reference genes for Arabidopsis have been proposed (Czechowski et al. 2005) . To obtain a solid basis for normalisation of our gene expression data when studying the eVects of Cd and Cu exposure in roots and leaves of Arabidopsis thaliana, we evaluated the expression stability of ten candidate reference genes, including three traditional "housekeeping" genes. AT5G15710 (F-box protein), AT2G28390 (SAND family protein), and AT5G08290 (mitosis protein YLS8) were identiWed in our experiment as the three best candidates for normalisation with multiple reference genes by both geNorm and NormFinder. We also looked at the Cd and Cu exposure separately and identiWed the same three best reference genes, even though the expression stability of the candidate reference genes is generally lower in Cu treatments than in Cd treatments. The traditional housekeeping genes included in this experiment (ACT2, EF-1a, UBQ10) are according to geNorm ranked immediately behind the three best reference genes, although with NormFinder they are ranked lower. Importantly, we also found that, to incorporate in the decision any variation in reference gene expression that is not due to the treatments but inherent to the gene itself, it is important to keep the biological replicates separated when entering data in geNorm or NormFinder. We observed an increased expression stability of AT4G34270 when using data input averaged per treatment and organ, as compared to data input using expression levels of individual samples. This suggests that, at least in our experimental system, variability in AT4G34270 gene expression exists between diVerent samples, which is not due to the treatments. Also, Czechowski et al. (2005) used an averaged data input (expression levels of cDNA pools) and identiWed AT4G34270 among the best reference genes.
In conclusion, we evaluated candidate reference genes for normalisation of gene expression in roots and leaves of Arabidopsis thaliana when studying the eVect of increased, but sub-lethal, concentrations of Cd and Cu. We also identiWed the same best three reference genes when considering Cu and Cd treatments separately, even though these metals have very diVerent properties and eVects towards the plants. Whereas Cu is redox-active and can directly induce oxidative stress, Cd is not redox-active and induces oxidative stress via indirect mechanisms (Romero-Puertas et al. 2004; Chaoui and El Ferjani 2005) . We therefore anticipate that the three best reference genes are also suitable for use when studying the eVects of increased exposure of Arabidopsis thaliana to other metals.
